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A B S T R A C T

As an advanced gas phase deposition technique, molecular layer deposition (MLD) has recently emerged as a
precisely controllable method to fabricate organic-inorganic hybrid materials such as metalcones and hybrid
films. Porous structures can be prepared by thermally removing the organic constituents of the metalcones
deposited by MLD. Herein, we revealed that there is a crystallization-induced volume shrinkage during thermal
treatment of metalcone films. By taking advantage of both the chemical degradation of organic moieties of
metalcone films and the crystallization-induced volume shrinkage, we built microporous TiO2 layers on porous
ceramic substrates and obtained nanofiltration and tight ultrafiltration membranes with tunable molecular-
weight-cut-off (MWCO) in the range between 630 Da and 3050 Da. Firstly, 50MLD cycles of titanicone (TiEG)
were deposited on the near-surface of plate ceramic ultrafiltration membranes to achieve a compact layer, which
was then subjected to calcination at different temperatures to remove the organic constituents. The bare
membrane with a water permeance of ∼130 Lm−2 h−1 bar−1 and MWCO of ∼63 kDa was upgraded from
ultrafiltration to nanofiltration with ∼7 Lm−2 h−1 bar−1 permeance and ∼630 Da MWCO after MLD and
calcination at 250 °C. Moreover, as the microporous TiO2 was transformed from amorphous to crystalline with
rising calcination temperatures, there was higher volume shrinkage and larger effective pore sizes.
Consequently, both water permeance and MWCOs of the membranes were increased. For instance, the mem-
branes after calcination at 400 °C showed a tight ultrafiltration performance of ∼30 Lm−2 h−1 bar−1 per-
meance and ∼3050 Da MWCO. This work provides a simple and effective way to fabricate ceramic membranes
with tunable performances between ultrafiltration, tight ultrafiltration, and nanofiltration.

1. Introduction

Membrane separation, which is regarded as a molecular-scale se-
paration technique with operation simplicity, environmental friendli-
ness and low energy consumption, has gained a significant place in
industrial processes and is employed in many applications such as
seawater desalination, wastewater treatment and gas separation [1–3].
Among the various membrane types, nanofiltration (NF) membranes
with molecular weight cut-offs (MWCOs) less than 1000 Da [4] and
tight ultrafiltration (TUF) membranes belonging to ultrafiltration (UF)
membranes with MWCOs of ∼1000–10,000 Da [5] have been ex-
tensively applied in water softening and separation of biomolecules and
colloids [6,7]. Compared to polymeric counterparts, ceramic mem-
branes are distinguished for their excellent thermal, chemical and me-
chanical stability [8]. However, compared to ceramic UF membranes,
the fabrication of ceramic NF and TUF membranes are usually involved

with repeated coating/sintering processes to gradually lower down the
pore sizes, which are not only very tedious but also energy-extensive
and time-consuming [9,10]. Given this, simple and effective strategies
to tighten the ceramic UF membranes to the NF and TUF category are
highly desired.

Recently, atomic layer deposition (ALD) has been utilized to pre-
cisely adjust the pore sizes of membranes [9,11,12] and modify the
hydrophilic-hydrophobic properties [13–15] due to its unique ad-
vantages including conformal deposition, precisely thickness control
and self-limiting reactions [16,17]. Metal oxides were deposited on
hydrophobic membranes (polytetrafluoroethylene, polypropylene and
so on) by ALD to effectively turn the surface into hydrophilicity, which
could enhance the selectivity and permeability at the same time with
certain ALD cycles [13,14]. The ability to overcome the trade-off in
membrane separation makes ALD a powerful tool in membrane mod-
ification processes. However, to be noted, it was hard to precisely tune
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the pore sizes at the nanometer level on non-uniform substrates [9,12].
Smaller pores were preferentially blocked while larger pores kept open,
thus the number of effective pores decreased and the transport re-
sistance increased dramatically, resulting in poor permeance.

Molecular layer deposition (MLD), a new technique for depositing
thin films and an extension for ALD, shares a similar mechanism to ALD
based on sequential and self-limiting surface reactions [18]. During the
ALD process, the two precursors are organometallic compounds and
oxidizing precursors (H2O, O3, etc.). In the MLD process, the two pre-
cursors are both replaced with organic molecules, or only the oxidizing
precursors are replaced [19]. Therefore, ALD is mostly applied for the
deposition of inorganic materials such as Al2O3, TiO2, and ZnO
[11,20,21], while the MLD has been applied to synthesize both organic
and organic-inorganic hybrid materials [22,23]. Recently, a few works
reported that porous metal oxide films could be fabricated utilizing
organic-inorganic hybrid films deposited by the MLD route by removing
the organic constituents [24–26]. Two alternative methods including
mild water etching and calcination in air have been explored to elim-
inate the organic constituents of the hybrid films, then uniform porous
structures can be obtained [25,27]. Comparing with the complicated
and inefficient sol-gel method [4,28], the MLD process could control
the separation layers of the NF and TUF membranes with molecular
level, and adjust the pore size by choosing organic constituents with
certain chain length. Various porous metal oxide films, such as Al2O3,
TiO2, and SiO2, have been prepared by MLD with applications in cat-
alysis and separation [29–31]. In the field of separation, porous TiO2

membranes have been studied more extensively for their high stability
[30]. Recently, two separate works have been reported on the pre-
paration of TiO2 NF membranes by MLD. Yu et al. [32] deposited ti-
tanicone (TiEG) dense films on flat anodic aluminum oxide (AAO)
substrates followed by calcination to remove the organic constituents to
obtain microporous films covering on the macroporous AAO substrates.
Thus, produced composite structures exhibited high permeability as
well as outstanding rejection to salts and dyes. We also prepared NF
membranes by MLD of titanicone on tubular ceramic membranes and
subsequent calcination in air [29]. The two previous works used the
chemical degradation of the organic moieties in the titanicone films to
produce micropores and the pore sizes were predominantly determined
by the precursors. Therefore, the pore sizes and consequently the se-
paration properties can only be tuned in a very limited range. More-
over, this strategy required more than 200 cycles of MLD or long ex-
posure time to form a dense titanicone film on macroporous substrates
[32], which takes long operation time and consumes much precursors.
Besides, the temperature at which the organic moieties are removed
may play a significant role in deciding the porous nature and the se-
paration performances of the produced microporous films. However,
this temperature effect yet remains unexplored.

In addition to the chemical degradation of organic moieties in the
titanicone films as explored in previous works [29,32], amorphous TiO2

will gradually crystallize under thermal treatment, which accompanies
with volume shrinkage with rising crystallinity as a result of the denser
packing of the constituent atoms. This crystallization-induced volume
shrinkage may also be used as an additional mechanism to tune the
sizes of the pores generated by degrading the organic moieties in the
titanicone films. In this work, plate ceramic UF membranes composed
of sintered TiO2 nanoparticles on macroporous Al2O3 supports were
chosen as the substrates for their good resistance to solvents, acid and
alkali [33]. As illustrated in Scheme 1, we firstly deposited dense TiEG
layers with a constant number of 50MLD cycles on the substrates. Then
the deposited membranes were treated at various temperatures in air.
Organic constituents are removed by calcination, leading to micro-
porous TiO2 structures. Moreover, the micropores were further tuned
by controlling the calcination temperatures. Therefore, microporous
TiO2 membranes with different pore sizes and tunable TUF or NF per-
formances are obtained. Compared to previous reports [29,32], the
present work not only provides a new route to produce ceramic NF and

tight UF membranes by using two different pore-forming mechanisms
in the MLD-deposited films, but also demonstrates the significant role of
calcination temperature on the porous nature and also the separation
properties of the MLD-modified membranes, which has never been re-
ported before.

2. Experiments

2.1. Materials

Plate ceramic ultrafiltration membranes (Fraunhofer-Institut für
Keramische Technologien und Systeme IKTS, Germany) with a diameter
of 25mm and a thickness of 1mm were used as the substrates for
molecular layer deposition in this study. The plate membranes are
composed of a supporting layer of α-alumina and a separation layer of
titanium oxide. According to the information provided by the manu-
facturer, the pore size of the separation layer is ∼5 nm on average.
Titanium tetrachloride (TiCl4) with a purity of 99.99% and ethylene
glycol (EG) with a purity of 99.5%, purchased from Metalorganic
Center of Nanjing University and TCI Shanghai, respectively, were se-
lected as the precursors for TiEG deposition. Both ultrahigh-purity N2

with a purity of 99.999% and high-purity N2 with a purity of 99.9%
were supplied by Tianhong Gas and used as the carrier gas of precursor
and purge gas during MLD process, respectively. Silicon wafers were
provided by Seyang Electronics and utilized to monitor the growth rate
of TiEG by thickness change. Polyethylene glycols (PEG) with 600,
1500, 4000 and 10,000 Da molecular weights were purchased from
Aladdin and applied to evaluate the molecular weight cut-offs
(MWCOs) of membranes prepared under various conditions. Four
dextrans (Sigma-Aldrich) with molecular weights of 10, 40, 70, 500 kDa
were employed to evaluate the MWCOs of bare membranes.

2.2. MLD process of TiEG and calcination

TiEG coating by MLD was implemented in an ALD reactor
(Savannah S100, Cambridge NanoTech), and the deposition chamber
was heated to 100 °C for 10min and kept at the vacuum of ∼1 torr
before deposition. TiCl4 and EG precursors were held in stainless cy-
linders. TiCl4 was held at room temperature, but EG was maintained at
80 °C due to its low volatility [29]. TiCl4 with the pulse time of 0.03s
and EG vapor with the pulse time of 0.1 s, were alternatively pulsed into
the reactor chamber by ultrahigh-purity N2. After pulse, both TiCl4 and
EG were kept in the reactor chamber for 1 s, ensuring the precursors to
adequately access the ceramic substrates. Subsequently, high-purity N2

was pulsed into the chamber for 30 s with a flow rate of 20 sccm to take
away the superfluous precursors and the by-products produced in the
period of the reaction of the precursors. To summarize, a typical MLD
cycle consists of a sequence of operations including “TiCl4 pulse/

Scheme 1. The schematic illustration for fabrication of TUF and NF TiO2

membranes by MLD and calcination at different temperatures.
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exposure/N2 purge/EG pulse/exposure/N2 purge”. The silicon wafers
were deposited with TiEG for 800 cycles and used to study the changes
of surface properties. The plate ceramic membranes were deposited for
50MLD cycles under the identical condition. All steps were auto-
matically controlled via fast valves.

After the ceramic membrane pores were sealed by TiEG, new mi-
croporous TiO2 structures were generated by removing the organic
constituents in deposited TiEG. Specifically, the deposited samples were
heated to various temperatures such as 250 °C, 300 °C, 350 °C, 400 °C
and 500 °C with a heating rate of 1 °C/min and kept at the temperature
for 4 h [29].

2.3. Characterizations

Surface morphologies of the ceramic membranes and silicon wafers
with different treatment conditions were observed by a Hitachi S-4800
field emission scanning electron microscope (FESEM) that was carried
out at 5 kV and 10 μA. Before SEM observations, all samples were pre-
coated with a thin layer of platinum by sputtering to avert surface
discharge. The X-ray diffraction (XRD) patterns of the silicon wafers
coated by TiEG and TiO2 layers after calcination at different tempera-
tures were detected by Rigaku MiniFlex 600 X-ray diffractometer at 2θ
from 5° to 80°. The XRD measurements were carried out at room tem-
perature with a step of 0.02° s−1. The thicknesses of TiEG and TiO2

films obtained by high-temperature calcination on silicon wafers were
measured by a spectroscopic ellipsometer (Compete EASEM-2000U, J.
A. Woollam) with an incident angle of 70°.

2.4. Membrane permeation tests

A homemade dead-end filtration apparatus was used to evaluate the
performances of the bare and modified ceramic membranes at room
temperature. Before filtration tests, the membranes were pressurized at
3 bar for 15min to ensure a steady permeance. Then, the performance
tests of membranes were carried out at 2.5 bar. The MWCO tests of bare
membranes were conducted by filtration of the dextran mixture solu-
tions, while PEG mixture solutions were employed to test the MWCOs of
membranes after calcination at different temperatures. Four Dextrans
with different concentrations (2, 2, 4, and 5 g/L) were dissolved in
deionized water to achieve mixed solutions. PEG mixed solutions (1, 1,
1, and 1 g/L) were obtained by the similar method. Concentrations of
the dextran or PEG mixture solutions of the feed and filtrate were
analyzed by gel permeation chromatography (GPC, 1515, Waters,
USA). When the rejection rate of the membranes to PEG or dextrans
reached 90% level, the corresponding molecular weight was considered
to be the MWCO of the membranes. The water permeance (P) and re-
jection rates (R) can be calculated by the following equations:

= × ×P V t A P/( Δ ) (1)

where V is the volume of the permeation water. ΔP, t and A represent
the operation pressure, the time of collecting liquid and the effective
membrane area, respectively.

= − ×R C C(%) (1 / ) 100P F (2)

where CP and CF are the concentration of dextrans or PEG in the feed
and filtration solutions.

3. Results and discussions

3.1. Growth and calcination analysis on silicon wafers

In order to uncover the growth behavior of TiEG on the ceramic
membrane surfaces during MLD, we attempted to acquire the weight
changes of ceramic membranes deposited with different cycles of TiEG.
However, compared to the weight of the ceramic membrane itself, the
weight of deposited TiEG was too little to be monitored by the analysis

balance. Thus, silicon wafers were considered for use as substrates for
studying deposition mechanism of TiEG. Meanwhile, ellipsometry that
can precisely measure thicknesses was applied to detect the thickness
change of TiEG and TiO2. As presented in Fig. 1, with increasing
number of MLD cycles, the thickness of the deposited TiEG layer was
linearly increased. It demonstrates that the growth of TiEG is in line
with the self-limiting reactions between the two precursors. According
to linear fitting, the growth rate is ∼1.76 Å/cycle under this deposition
condition with a timing sequence of (0.03 s, 10 s, 0.1 s, 10 s) without
exposure time. In this work, the growth rate of TiEG is much smaller
than ∼4.5 Å/cycle reported by others [30], but is close to∼ 1.5 Å/
cycle reported by our another work [29]. There may be many factors
causing the difference in growth rate, such as deposition temperature,
pulse time of precursors, different deposition instrument and so on.
However, the main factor is that the previous work [30] used a timing
sequence of (5 s, 35 s, 8.5 s, 35 s) with a much longer pulse time to
allow more precursors to adhere to the surface, producing more TiEG
each cycle.

We used spectroscopic ellipsometry to analyze the thickness of the
material deposited on silicon wafer followed by calcination at different
temperatures. The thickness of the initial tianicone film deposited at
100 °C was∼89.9 nm. As described in Fig. 2a, there was a sharp drop in
the thickness of the deposition layer when calcined at 250 °C, which
should be ascribed to the decomposition of organic segments (-CH2-
CH2-) in TiEG. According to previous report, the decomposition tem-
perature of glycol-based film is ∼320 °C [34,35]. The thickness of the
calcined TiO2 layer maintains roughly constant, when the calcination
temperature reached 300 °C, which illustrates that organic constituent
in TiEG is completely decomposed at this temperature. We note that the
thickness was still reduced slightly after 300 °C as the amorphous TiO2

was transformed to crystalline, which will be discussed later. After
calcination at various temperatures, the corresponding growth rate of
TiO2 layer still shows a linear relationship, implying that calcination
would not undermine the completeness of the pristine TiEG layers.
Moreover, as described in Fig. 2b, the corresponding growth rate of
TiO2 layer under different calcination temperatures shows similar trend
with the relationship between calcination temperature and thickness,
indicating that the thickness of TiO2 layers obtained by calcining at
different temperatures remained constant. When the temperature ex-
ceeds 250 °C, the growth rate of TiO2 is ∼0.5 Å/cycle which remains
substantially the same, ensuring that the thickness of the obtained
porous TiO2 remains uniform after calcination at different tempera-
tures.

Fig. 1. The thicknesses of TiEG on silicon wafers with different number of MLD
cycles.
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3.2. Surface properties of deposited and calcined silicon wafers

We investigated the surface properties of TiEG deposited on silicon
wafers and the corresponding TiO2 films prepared with different cal-
cination temperatures. For the samples before and after calcination
treatment, crystalline structures of the deposited TiEG and TiO2 layer
were analyzed by XRD. There are no peaks except for the crystalline
peak of the silicon wafer itself could be observed on the sample before
calcination, indicating that the deposited TiEG layer was in the amor-
phous state. The XRD patterns of TiEG and calcined samples with dif-
ferent calcination temperature are presented in Fig. 3. The peaks at 2θ
of 25.0°, 37.3°, 48.0°, 53.9°, 55.1°, 62.2°, and 75.0° belong to (101),
(004), (200), (105), (211), (204), and (215) crystal plane of the anatase
TiO2 (JCPDS 21-1272), respectively. For the samples prepared with the
calcination temperature of 250 °C and 300 °C, there are no anatase
peaks could be observed, indicating that the TiO2 layer was an amor-
phous structure. However, when the calcination temperature reaches
350 °C, weak diffraction peaks appeared at 2θ values of 25.3° and 48.0°,
corresponding to (101) and (200) diffraction peaks of the anatase form
of TiO2. It has also been observed that anatase TiO2 peaks appeared at
the temperature of 300–400 °C on calcined TiO2 gel as well as amor-
phous TiO2 thin films [36,37]. For samples calcined at 350, 400 and
500 °C, the intensity of diffraction peaks becomes stronger with rising
temperatures, indicating a stronger crystalline degree of the TiO2 film.

The surface morphology of the deposited TiEG with 800 cycles on
silicon wafers and samples treated at different temperatures were ob-
served by FESEM. As presented in Fig. 4a, the deposited TiEG exhibits a

dense and smooth surface without pores as a result of MLD conformal
growth. For samples treated at 250, 300, 350 °C, they exhibited the
same surface morphology as the untreated TiEG since the pore size
formed by removing the organic segment is too small to be clearly
observed. The surface of TiO2 MLD coating became porous after treated
at 400 and 500 °C, as presented in Fig. 4c and d. Moreover, the size of
the particulates on the surface and the size of the fissure became larger
as the TiO2 is changed from amorphous to anatase with the rising cal-
cination temperature.

3.3. Membrane morphologies with TiEG deposition and calcination

We investigated the surface morphologies of the bare and modified
ceramic membranes. As revealed in Fig. 5a, the top surface view of the
bare membrane reveals a porous structure due to plentiful small gaps
formed between the neighboring particulates, which determine the
pore diameters of bare membrane with a few nanometers. After 50
cycles of MLD on the separation layers of bare membranes and different
calcination temperature, the effective pore size of the bare membrane
reduced (Fig. 5b–d) since the TiEG layer or TiO2 MLD coating was
conformal growth on the surface of separation layer. Moreover, for the
membrane calcined at 250 °C, its surface is denser and smoother than
bare membrane. This is apparently because that the growth rate of TiEG
is ∼1.76 Å/cycle and pores between particulates with ∼5 nm would be
completely sealed after 50 cycles MLD. After calcined at 250 °C, the
TiEG was transformed to amorphous TiO2 accompanying a significant
volume fraction, and thus gaps between particulates reappeared but
with a smaller size. Yu et al. [32] has explored that the pore-size dis-
tribution of porous TiO2 formed by removing the organic component by
calcination at 250 °C was concentrated at∼ 1 nm which could not be
observed by SEM. However, the pore size of membrane with 50 cycles
MLD treated at 400 °C or higher temperature becomes larger than the
membranes treated at 250 °C. As we discussed above, the amorphous
TiO2 at 250 °C transforms to crystalline anatase at 400 °C. The crystal-
line TiO2 tends to congregate into larger particulates, which results in a
surface with larger gaps than the membranes treated at 250 °C. At the
same time, the pores on membrane surfaces are gradually enlarged with
rising calcination temperature.

3.4. Separation performances

We first tested the pure water permeance and rejection of the bare
membrane, which has an initial water permeance of ∼130 Lm−2 h−1

bar−1 on average. Dextran mixed solutions were employed to detect the

Fig. 2. (a) The thicknesses of the titancone film subjected to different calci-
nation temperatures. (b) The corresponding growth rates of the TiO2 layers.

Fig. 3. XRD patterns of the TiEG deposited on silicon wafers with 800MLD
cycles and the TiO2 layers after calcination at different temperatures.
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separation performances of the bare membrane. As presented in Fig. 6,
the response values of dextran were obtained by GPC. The disappearing
peak of responsive values indicates that dextrans of 500 kDa and 70 kDa
are entirely rejected. Moreover, the response values of filtration for
10 kDa are the same as the feed, indicating that there is no rejection for
the molecular weight of 10 kDa. We can also find that the response
value of filtration for 40 kDa is less than that of the feed, suggesting that
the dextran with the molecular weight of 40 kDa were incompletely

rejected. We can estimate that the MWCO of bare membrane is
∼63 kDa. Meanwhile, the retention rate of BSA with a molecular
weight of 67 kDa by bare membrane is 90.2%, consistent with the
MWCO value.

The pure water permeance of the modified membranes prepared by
calcining at different temperatures was presented in Fig. 7. Apparently,
after calcination at 250 °C, the pure water permeance of the membrane
drops to ∼7 Lm−2 h−1 bar−1. This is due to the thick TiO2 coating on

Fig. 4. Surface SEM images of (a) the silicon wafer deposited with TiEG, and (b–d) then calcined at 250 °C, 400 °C and 500 °C. All samples were deposited on the
silicon wafers with 800MLD cycles. (a–d) have the same magnification and the scale bar is shown in (d).

Fig. 5. Surface SEM images of (a) the bare ceramic membranes, and (b) deposited ceramic membranes with 50MLD cycles and calcined at (c) 250 °C, and (d) 400 °C.
(a–d) have the same magnification and the scale bar is shown in (d).
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the surface of the bare membrane, which increases the resistance for
water transport. As characterized by SEM in Fig. 5c, the effective pores
of bare membrane were sealed by the porous TiO2 coating. When the
calcination temperature reaches 300 °C, the water permeance rises to
∼10.5 Lm−2 h−1 bar−1. The rise of permeance should be attributed to
enlarged pore sizes of the TiO2 layer obtained at higher calcination
temperatures, which is consistent with the SEM results. Calcining at 350
and 500 °C led to membranes with a water permeance of ∼23.1 and
102.6 Lm−2 h−1 bar−1, respectively, further confirming that the gaps
between particulates, and consequently effective pore sizes, are in-
creased due to the gradually thinning of the TiO2 coatings with the
development of crystallization with rising calcination temperature.

We also tested the rejection performances of these modified mem-
branes. As shown in Fig. 7, at the calcination temperature of 250 °C, the
modified membrane exhibits a MWCO of ∼630 Da, which is in the NF
category [4]. This means that the bare membranes has been upgraded
from UF to NF by 50 cycles MLD of TiEG followed by a low temperature
calcination. MWCOs of the modified membranes prepared at 300 and
350 °C increases to ∼1150 Da and ∼2700 Da, respectively. Moreover,
the MWCO is further raised to ∼3050 Da by calcined at 400 °C. This
means we can tune the membrane performances between NF and TUF
by simply changing the calcination temperatures. When the treatment
temperature is 500 °C, the modified membrane cannot efficiently reject
PEG with the molecular weight of 10 k Da, indicating a MWCO far
larger than 10 k. Rising MWCOs imply enlarged effective pore sizes.

Such a trend of MWCOs with the increasing calcination temperature is
in good agreement with that of pure water permeance, and other
characterizations discussed above.

4. Conclusions

In conclusion, ceramic membranes with a microporous TiO2 layer
were prepared by MLD of TiEG on UF substrates and subsequent cal-
cination of organic constituents with controlled crystallization-induced
volume shrinkage. By simply changing the calcination temperatures,
tunable membrane performances between NF and TUF were obtained.
Specifically, the growth rate of TiEG was ∼1.76 Å/cycle. The thickness
of the deposited TiEG layer decreased from 89.9 nm with 500MLD
cycles to 26.3 nm after calcination and then the thickness kept constant
with rising calcination temperatures. Suitable pulse and exposure time
of precursors was chosen to guarantee that the MLD reaction took place
in the near-surface of the substrates. The pore sizes of the obtained
membranes were controlled both by the chemical degradation of the
organic moieties in the TiEG films and crystallization-induced volume
shrinkage. The membranes subjected to MLD and calcination at 250 °C
showed a pure water permeance of ∼7 Lm−2 h−1 bar−1 and MWCO of
∼630 Da. When the calcination temperature was increased, the mi-
croporous TiO2 was transformed from amorphous to crystalline ac-
companying by increasing volume shrinkage, and the membrane per-
formances were gradually changed to TUF level. This work
demonstrates a unique strategy to continuously tighten UF ceramic
membranes to TUF and NF membranes by taking the advantage of the
volume change during the crystallization process of titanium oxide. In
addition, as many oxides including ZrO2 and SiO2 can be deposited by
ALD, we believe this method can be easily extended to prepare other
ceramic NF membranes by properly choosing the precursors.
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